Prior research points to the importance of psychostimulants in improving self-control. However, the neural substrates underlying such improvement remain unclear. Here, in a pharmacological functional MRI study of the stop signal task, we show that methylphenidate (as compared with placebo) robustly decreased stop signal reaction time (SSRT), an index of improved control, in cocaine-dependent patients (a population in which inhibitory control is impaired). Methylphenidate-induced decreases in SSRT were positively correlated with inhibition-related activation of left middle frontal cortex (MFC) and negatively with activation of the ventromedial prefrontal cortex (vmPFC) in whole brain linear regressions. Inhibition-related MFC but not vmPFC activation distinguished individuals with short and long SSRT in 36 demographically matched healthy individuals, whereas vmPFC but not MFC activation, along with improvement in SSRT, was correlated with a previously implicated biomarker of methylphenidate response (systolic blood pressure). These results implicate a specific neural (i.e., vmPFC) mechanism whereby stimulants improve inhibitory control. Altered ventromedial prefrontal activation and increased blood pressure may represent useful CNS and peripheral biomarkers in individualized treatment with methylphenidate for patients with cocaine dependence.
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functional MRI | psychostimulant | catecholamine | cognitive control | ventromedial prefrontal cortex D eficits in cognitive control have been implicated in the pathophysiology of several neuropsychiatric disorders, including attention deficit hyperactivity disorder (ADHD) and cocaine dependence (1) (2) (3) (4) (5) , and a wide literature supports the utility of stimulants, including methylphenidate, in improving cognitive control (6-9, see ref. 10 for review). For example, studies have shown that stimulants alter cerebral activation and influence cognitive functions, including improving inhibitory control, in healthy individuals (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Similarly, Overtoom et al. (22) reported that methylphenidate improved stopping performance and restored the electrophysiological potential of stopping in a stop signal task, whereas it did not affect go trial reaction time, in adult patients with ADHD. Although neuroimaging studies have examined the effects of stimulants on regional brain activation and connectivity, the neural substrates underlying stimulant-mediated improvements in inhibitory control remain unclear. A more complete understanding of the neural mechanisms whereby stimulants improve cognitive control will be critically important, not only for an improved understanding of its biological basis but also for understanding the pathophysiology and treatment of conditions associated with its impairment. Using a stop signal task, we (and others) have demonstrated that patients with cocaine (and other stimulant) misuse display impaired inhibitory control and prefrontal activation during a stop signal task (5, (23) (24) (25) (26) (27) . Whereas prior research has examined stimulants in clinical trials of therapeutic efficacy (28) (29) (30) (31) (32) (33) and neuroimaging studies of regional brain activation and connectivity in cocaine users (34) (35) (36) (37) , none to our knowledge have specifically evaluated their association with the behavioral and neural aspects of inhibitory control. In the current study, we sought to address this gap in a pharmacological functional MRI (fMRI) study in which cocaine-dependent individuals received an i.v. injection of methylphenidate or saline placebo before they performed the stop signal task during fMRI. We used a race process to model stop signal performance and to compute the stop signal reaction time (SSRT) as a measure of inhibitory control, independent of other general task measures. In brief, methylphenidate improved SSRT as compared with placebo. We then used the change in SSRT to examine neural and physiological bases of individual variations in the improvement of inhibitory control.
Results
Psychological and Cardiovascular Assessments. Fig. S1 shows the rating of euphoria, anxiety, and craving, as well as heart rate and systolic and diastolic pressure, before and after i.v. administration of saline (placebo or P session) or methylphenidate (M session). In the M as compared with the P session, cocaine-dependent (CD) volunteers showed an increase in heart rate (Z = 2.803, P = 0.005 during the first 30 min after injection and Z = 2.803, P = 0.005 during fMRI; two-tailed paired-sample Wilcoxon signed rank test), systolic blood pressure (Z = 2.803, P = 0.005 and Z = 2.703, P = 0.007), and diastolic blood pressure (Z = 2.701, P = 0.007 and Z = 2.293, P = 0.022). They also demonstrated an increase from the baseline in euphoria (Z = 2.803, P = 0.005 during the first 30 min after injection and Z = 1.836, P = 0.066 during fMRI; two-tailed paired-sample Wilcoxon signed rank test), cocaine craving (Z = 1.989, P = 0.047 and Z = 1.886, P = 0.059), and anxiety (Z = 2.803, P = 0.005 and Z = 2.668, P = 0.008).
Stop Signal Task Performance. Table 1 shows behavioral results in the stop signal task. Compared with P session, CD subjects showed decreased SSRT during M session (P < 0.0024, twotailed paired sample t test). CD subjects did not show differences in any other performance measures between M and P sessions.
Regional Brain Activations. We compared M and P sessions with the session order as a covariate in a flexible factorial design of statistical parametric mapping. The results showed that, compared with placebo, methylphenidate increased activation in the striatum and thalamus during stop success (SS), as compared with stop error (SE), largely as a result of decreased activation in these regions during SE as contrasted with SS during the M, as compared with P, session ( Fig. S2 and Tables S1 and S2). We derived the effect size of the difference in activation during stop signal inhibition (SS − SE) and observed that these changes in striatothalamic activation did not correlate with changes in the SSRT, psychological assessments, or cardiovascular measures between the two sessions (Table S3) .
We regressed the whole brain (SS − SE, methylphenidate > placebo) against the improvement in SSRT (i. (Fig. 2 A and B) , in the area of the subgenual anterior cingulate cortex or Brodmann area 25. In both brain regions, the inhibition-related activation during SS as contrasted with SE trials appears to increase slightly toward the level of healthy control subjects during methylphenidate administration compared with placebo [Figs. 1C and 2C and Fig. S3 and Tables  S4 and S5 for a whole-brain comparison between healthy subjects (HC) and P session of CD subjects]. MFC, but not vmPFC, activation differentiated HC with short and long SSRT (12 HC with shortest vs. 12 with longest SSRT: 151 ± 20 ms vs. 239 ± 11 vs., t = −11.50, P < 0.0001, two-tailed two-sample t test): 2.79 ± 1.25 vs. 0.97 ± 1.30 (MFC, t = 3.20, P < 0.005); 0.78 ± 1.58 vs. 0.00 ± 1.36 (vmPFC, t = 1.18, P < 0.26), whereas vmPFC, but not MFC, activation was linearly correlated with increase in systolic blood pressure (SBP) as a result of methylphenidate (compared with placebo) administration (vmPFC, R = −0.8537, P < 0.0017, Fig. 2D ; MFC, R = 0.5774, P < 0.0805). The increase in SBP as elicited by methylphenidate was also linearly correlated with the improvement in SSRT: R = 0.7624, P < 0.0104). Session differences (M > P) in MFC and vmPFC activation (SS > SE) during fMRI were not correlated with changes in behavioral (i.e., euphoria, craving, anxiety) or other cardiovascular measures from baseline (Table S6) .
Discussion
The main finding of this work is that methylphenidate improved inhibitory control in cocaine-dependent patients, in association with altered regional brain activation in the ventromedial prefrontal cortex. More broadly, the ventromedial prefrontal activation suggests a neural process whereby self-control might be improved, and highlights a potential neural substrate whereby stimulants and/or other catecholaminergic agents might ameliorate clinical deficits in self-control. We showed that compared with saline placebo, methylphenidate improved inhibitory control by decreasing SSRT in the stop signal task. No other aspects of the stop signal performance, including go trial reaction time and stop success rate, were significantly affected, suggesting that the effects of methylphenidate were independent of potential cognitive confounds such as motor response processing and attentional monitoring (38) (39) (40) .
MFC
Concomitant with the improvement in inhibitory control, we observed a positive correlation with inhibition-related activation in the MFC, an area shown to be associated with motor inhibitory control in our previous studies of healthy individuals (38, 39, 41) , as well as studies of other psychiatric populations (e.g., schizophrenia, depression) (42) (43) (44) . In the current study, activation of the MFC was also significantly different among healthy individuals with short and long SSRT, corroborating its role in motor inhibitory control. Consistent with these results, many previous studies have implicated this same region of the frontal cortex in cognitive control involving other behavioral tasks (45, 46) . For instance, in a recent fMRI study of dieters engaged in real life decisions about food consumption, Hare et al. (47) reported greater activation in the broad area of the left dorsolateral prefrontal cortex in individuals who exercised self-control, choosing healthy over tasty food. Interestingly, the activation of the left frontal regions showed a negative psychophysiological interaction with the vmPFC, in the same area of the subgenual cingulate cortex as observed in the current study (47) .
Specifically, we also observed a negative correlation in inhibition-related activity in the vmPFC and improved inhibitory control during methylphenidate administration. This finding was intriguing because unlike the MFC, which belongs to the taskrelated circuit, the vmPFC is part of the default, "anticorrelated" network of brain regions-one showing greater activity during resting as compared with behaviorally engaging conditions (i.e., tasks) (48, 49) . Decreased activation of the vmPFC may thus indicate greater task engagement, in association with improved control of performance. Studies in rodents have shown that inactivation of the vmPFC causes disinhibited responses to unrewarded cues, suggesting that it is involved in inhibitory control of behavioral responses to environmental stimuli (50). Conversely, infusion of dopamine in the vmPFC has been shown to enhance controlled response to outcome valuations, suggesting a role of dopamine and vmPFC in overriding instrumental habits in rodents (51) . Furthermore, vmPFC has been implicated in effortful control of phobia (52) , regulation of fatigue (53), inhibitory control during experience of negative affect (54), and emotional intelligence for self-management (55) . Thus, the current finding adds to a growing literature suggesting a critical role for the vmPFC in behavioral control during emotionally difficult situations and the effects of methylphenidate in normalizing control specifically via altering the activation of the vmPFC.
It is worth noting that along with these neural signatures, improved inhibitory control was also associated with increases in systolic blood pressure caused by methylphenidate. Whereas such findings are broadly consistent with a role for the CNS in mediating the cardiovascular effects of stimulants (56, 57) and are consistent with prior neuroimaging studies demonstrating correlations between CNS (e.g., stimulant-induced dopamine release as measured by positron emission tomography) and cardiovascular measures (e.g., stimulant-induced increases in systolic blood pressure) (58) , an important methodological issue needs to be considered. Specifically, stimulants can potentially influence fMRI blood oxygenation level-dependent (BOLD) signals, which depend on the hemodynamic coupling of neuronal activities and local changes in blood flow and oxygenation. An earlier fMRI study showed that cocaine decreased cortical cerebral blood flow but did not obscure BOLD signals evoked by visual stimulation in humans (59) . Another study of healthy subjects performing finger tapping showed that methylphenidate did not alter the rate-related increase in BOLD signals in motor cortices (60) . A more recent study investigated the effects of cocaine-induced baseline hemodynamic changes on sensory-related hemodynamic and electrophysiological responses in the barrel cortex of rats during mechanical whisker stimulation (61) . Cocaine infusion caused transient baseline increase in blood flow and volume, which peaked at 6 min and approached normal level after 25 min. Notably, even during the peak baseline increase, the electrophysiological responses to sensory stimulation were similar to saline, and, after the peak increase, the neural responses were faithfully accompanied by enhanced hemodynamic responses. Furthermore, peripheral blood pressure changes induced by an adrenergic agonist did not influence fMRI BOLD signals in humans (62) . Taken together, these observations suggest that the current findings, obtained at 45 min after methylphenidate administration, are unlikely to be the result of general effects of the stimulant on cerebral hemodynamics.
An important limitation of the current study is its small sample size. Thus, the current results need to be considered preliminary and replicated in the future. Furthermore, despite being highly significant statistically, the current results are largely correlational in nature. More studies are required to clarify the mechanisms and links of the central neural and physiological actions of methylphenidate, both in healthy and other clinically affected populations.
To summarize, in a pharmacological fMRI study, we demonstrated that methylphenidate improved inhibitory control in CD volunteers and evoked changes in prefrontal regional brain activation suggesting specific neural substrates underlying deficits in cognitive control and its amelioration.
Methods
Subjects and Informed Consent. Ten nontreatment seeking volunteers (eight men; 39.9 ± 5.5 y) with CD participated in the study. CD volunteers met criteria for current cocaine dependence (63) . The sample had an average of 18.3 ± 7.9 y of cocaine use, with nine predominantly smoking and one preferring intranasal use of cocaine. All subjects were cigarette smokers, and all except one used alcohol with the amount ranging from one to two drinks per week to two to three drinks per day (none meeting DSM-IV criteria for dependence). Recent cocaine use was confirmed both by history and by urine toxicology screens upon admission. Participants were drug-free for a minimum of 5 d and an average of 7.6 d while staying in an inpatient unit before the current fMRI study. All subjects were physically healthy with no major medical illnesses or current use of prescription medications. None of them reported having a history of head injury or neurological illness. Other exclusion criteria included dependence on another psychoactive substance (except nicotine) or past history of any substance abuse/dependence (except nicotine) and current or past history of psychotic disorders. Individuals with current depressive or anxiety symptoms requiring treatment or currently being treated for these symptoms were excluded as well. To assess whether the effects of methylphenidate altered regional brain activations toward or away from the cerebral processes observed in healthy individuals, we also included 36 healthy subjects with matching age and gender (30 men; 36.0 ± 9.1 y) for comparison. The Human Investigation committee at Yale University School of Medicine approved all study procedures, and all subjects signed an informed consent before study participation.
Procedures of Behavioral Assessments and fMRI. Each patient participated in two sessions, in which either saline (P session) or methylphenidate (M session, 0.5 mg/kg of body weight) was injected intravenously, approximately 45 min before fMRI. The two sessions were scheduled 48 h apart, the order of which was counter balanced across subjects, with five subjects participating in the P session first. On the day of fMRI, a research nurse evaluated and confirmed study consent of the patient before setting up an i.v. line and electronic monitoring of heart rate and blood pressure. For 30 min before the injection, a research assistant assessed patient's craving, anxiety, and euphoria (as experienced during cocaine use) each on a visual analog scale (from 0 to 10) every 5 min. Heart rate and blood pressure were recorded every 10 min. The psychological assessments and heart rate and blood pressure recordings continued every 5 min for 30 min after the injection and, after the patients were transported to the scanner, every 10 min until approximately 30 min after completion of imaging. Patients continued to be closely monitored for 6 h after they returned to the inpatient unit. No adverse events occurred throughout the entire study.
Behavioral Task. We used a simple reaction time task in this stop signal paradigm (39, 40, (63) (64) (65) . There were two trial types, "go" and "stop," randomly intermixed. A small dot appeared on the screen to engage attention at the beginning of a go trial. After a randomized time interval (foreperiod) ranging between 1 and 5 s, the dot turned into a circle (the go signal), which served as an imperative stimulus, prompting the subjects to quickly press a button. The circle vanished at a button press or after 1 s had elapsed, whichever came first, and the trial terminated. A premature button press before the appearance of the circle also terminated the trial. Three quarters of all trials were go trials. The remaining one quarter were stop trials. In a stop trial, an additional "X," the stop signal, appeared after and replaced the go signal. The subjects were told to withhold a button press upon seeing the stop signal. Likewise, a trial terminated at button press or when 1 s had elapsed since the appearance of the stop signal. The stop signal delay (SSD)-the time interval between the go and stop signal-started at 200 ms and varied from one stop trial to the next according to a staircase procedure: if the subject succeeded in withholding the response, the SSD increased by 64 ms; conversely, if they failed, SSD decreased by 64 ms (66) . There was an intertrial interval of 2 s. Subjects were instructed to respond to the go signal quickly while keeping in mind that a stop signal could come up in a small number of trials. Before the fMRI study, each subject had a practice session outside the scanner. In the scanner each subject completed four 10-min runs of the task. Depending on the actual stimulus timing (trials varied in foreperiod duration) and speed of response, the total number of trials varied slightly across subjects in an experiment. With the staircase procedure we anticipated that the subjects would succeed in withholding their response in approximately half of the stop trials.
One way to understand the stop signal task is in terms of a horse race model with a go process and a stop process racing toward a finishing line (67) . The go process prepares and generates the movement, whereas the stop process inhibits movement initiation, whichever process finishes first determines whether a response will be initiated or not. Importantly, the go and stop processes race toward the activation threshold independently. Thus, the time required for the stop signal to be processed so a response is withheld (i.e., SSRT) can be computed on the basis of the go trial reaction time (RT) distribution and the odds of successful inhibits for different time delays between go and stop signals. This is done by estimating the critical SSD at which a response can be correctly stopped in approximately 50% of the stop trials. With the assumptions of this horse race model, the SSRT could then be computed for each individual subject by subtracting the critical SSD from the median go trial RT. Generally speaking, the SSRT is the time required for a subject to cancel the movement after seeing the stop signal. A long SSRT indicates poor response inhibition.
We also computed the foreperiod effect as an index of motor preparedness during the SST (39, 68) . Briefly, longer foreperiod is associated with faster response time (69, 70) . Thus, RT of go trials with a foreperiod between 3 and 5 s were compared with those with one between 1 and 3 s, and the effect size of RT difference was defined as foreperiod effect. It is also known that in an RT task, the RT of a correct response is prolonged following an error, compared with other correct responses, and this prolonged RT is thought to reflect cognitive processes involved in error monitoring (71) . We thus computed the RT difference between the go trials that followed a stop error and those that followed another go trial and termed this RT difference "posterror slowing" (63) . These measures, as well as the median go trial RT, go trial success rate, and stop trial success rate serve as indices of general task performance.
Imaging Protocol. Conventional T 1 -weighted spin echo sagittal anatomical images were acquired for slice localization using a 3T scanner (Siemens Trio).
Anatomical images of the functional slice locations were next obtained with spin echo imaging in the axial plane parallel to the anterior commissureposterior commissure (AC-PC) line with repetition time (TR) = 300 ms, echo time (TE) = 2.5 ms, bandwidth = 300 Hz/pixel, flip angle = 60°, field of view = 220 × 220 mm, matrix = 256 × 256, 32 slices with slice thickness = 4 mm and no gap. Functional, BOLD signals were then acquired with a single shot gradient echo echo-planar imaging (EPI) sequence. Thirty-two axial slices parallel to the AC-PC line covering the whole brain were acquired with TR = 2,000 ms, TE = 25 ms, bandwidth = 2,004 Hz/pixel, flip angle = 85°, field of view = 220 × 220 mm, matrix = 64 × 64, 32 slices with slice thickness of 4 mm and no gap. Three hundred images were acquired in each run for a total of four runs.
Data Analysis and Statistics. Data were analyzed with Statistical Parametric Mapping (SPM8). Images from the first five TRs at the beginning of each trial were discarded to enable the signal to achieve steady-state equilibrium between RF pulsing and relaxation. Images of each individual subject were realigned (motion corrected) and corrected for slice timing. A mean functional image volume was constructed for each subject for each run from the realigned image volumes. These mean images were coregistered with the high resolution structural image and then segmented for normalization to an MNI (Montreal Neurological Institute) EPI template with affine registration followed by nonlinear transformation (72, 73) . Finally, images were smoothed with a Gaussian kernel of 8 mm at full width at half maximum.
Four main types of trial outcome were distinguished: go success (G), go error (F), SS, and SE trial. A statistical analytical design was constructed for each individual subject, using the general linear model (GLM) with the onsets of go signal in each of these trial types convolved with a canonical hemodynamic response function (HRF) and with the temporal derivative of the canonical HRF and entered as regressors in the model (74) . Additional regressors with the go trial RT and stop trial SSD were included for parametric modulation. Realignment parameters in all six dimensions were also entered in the model. The data were high-pass filtered (1/128-Hz cutoff) to remove low frequency signal drifts. Serial autocorrelation was corrected by a first degree autoregressive (AR) (1) model. The GLM estimated the component of variance that could be explained by each of the regressors.
Following our previous studies, we constructed for each individual subject a contrast SS > SE to assess regional processes related to response inhibition (26, 39, 40) . In group analyses, we used a whole brain linear regression to explore regions that showed activations during SS > SE that varied linearly with the difference in SSRT. Specifically, a contrast for SS > SE between methylphenidate and placebo conditions was made for each individual subject and the difference in SSRT between methylphenidate and placebo used as a vector for whole brain linear regressions.
In region of interest (ROI) analyses, we used MarsBaR (75) to compute for each individual subject the effect size of activity change for the ROIs derived from group analyses. The effect size rather than mean difference in brain activity was derived for correlation with behavioral measures to account for individual differences in the variance of the mean. The effect size measures of regional brain activation were correlated across subjects with the difference in the changes (from baseline) in euphoria, anxiety, and craving as well as the changes (from baseline) in heart rate, systolic, and diastolic blood pressure, and with changes in stop signal performance including the SSRT.
